The examination of total amounts of heavy metals (Hg, Cd, Cu, Pb, Cr, Ni, Zn) was conducted in the outflow from a sewage treatment plant and in the waters and sediments of ponds supplied with them. As the water passed through the pond system, a decrease of heavy metal concentrations in the post-treatment sewage water supplying the ponds was observed. The highest concentrations of heavy metals were found in the outflow from the sewage treatment plant and lower concentrations were observed in the water of pond 1 (except for Zn), which was the direct receiver of post-treatment sewage, while the lowest values were noted in the final pond. The concentration of heavy metals in the sediments decreased in consecutive ponds. The highest concentrations were determined in the sediment of pond 1 that received the post-treatment sewage * Corresponding author: katemel@uwm.edu.pl DOI 10.2478/v10009-009-0051-3
INTRODUCTION
The use of ponds for sewage treatment was employed even in ancient times, but according to Hawkes (1983) , serious studies of their use were not conducted until the 1950s when the basic criteria of the process and mechanisms of sewage treatment in ponds were developed.
Sanitary sewage treatment (Niewolak and Tucholski 1995 , Banda et al. 2005 , the removal of organic matter and nutrients from the sewage (Archer and O'Brien 2005 , Tucholski et al. 2005 , and heavy metal removal (Tuomi et al. 2000) all take place in ponds.
The aim of the present study was to determine the content of heavy metals (Zn, Cu, Ni, Cr, Pb, Hg) in the outflow from a sewage treatment plant and in the waters and sediments of ponds supplied with it.
MATERIALS AND METHODS

Sewage treatment plant and ponds
The investigation was conducted at the sewage treatment plant located in Olsztynek in the Mazurian Lake District. Raw sewage of domestic origin (about 60%) and from fruit and vegetable processing (about 40%) flowed into the sewage treatment plant at a volume range of 795 -2500 m 3 /24h. After mechanical-biological treatment, the outflow from the sewage treatment plant flowed through a system of four ponds (Fig. 1) , each of about 1 ha (for a total of approximately 3.96 ha of pond area). The mean depth of the ponds was pond 1 -1.8 m; pond 2 -2.0 m; pond 3 -1.6 m; pond 4 -1.1 m. The length of sewage retention time in the ponds ranged from 25 to 80 days. Spring appeared on the bottom and on the banks of ponds 3 and 4, and water flowed out of them at a rate of about 5 l s -1 . Reed and mace (Typha latifolia) grew on the banks of the dams in ponds 2, 3, and 4. About 10% of the bottom of pond 4 was covered with the common reed (Phragmites australis L.).
The task of the ponds is to supplement the treatment of outflow from the sewage treatment plant. In the initial period of exploitation, the ponds were used for experimental rearing of fish such as carp and powan (Tucholski and Niewolak 1994) . In the following years, the amount of sewage flowing into the sewage treatment plant increased rendering its processing capability less effective. Active sludge flowed out together with effluents from the secondary sedimentation tanks and cumulated mainly in initial ponds 1 and 2. The pond properties changed from aerobic to facultative and then to anaerobic. After 14 years in operation, the sediments were removed from ponds 1 and 2. The removal of sediments was preceded by examinations of outflow from the sewage treatment plant and pond waters (every month during the vegetative season) and in fall the pond sediments were examined. 
Sampling
The outflows from the sewage treatment plant were collected into containers with a volume of 0.5 l in a canal that removed sewage from the sewage treatment plant into pond 1. Pond waters were taken with a Ruthner's digger in front of the outlet box in a given pond, then containers of the same volume were filled. The samples were fixed in the laboratory by adding 0.5 ml concentrated HNO 3 . Sediment samples were taken with a pipe probe with ø5 cm diameter to the layer of parent soil. Square networks were determined in each pond, and sediment samples were collected at 42 points. All 42 samples from a given pond were collected into one container. The content was mixed and an average sample with a volume of 1 dm 3 was taken.
Analytical methods
Immediately after collection, the pH of the sediment samples was determined with a WTW gauge. In the laboratory the content of dry mass (105°C) and organic matter were determined by applying the roasting method to samples of fresh sediments. The roasting was performed in quartz crucibles at 550°C in an electric oven for about 12 hours until a constant mass was obtained. The main part of the water was air dried to the dry mass state and then the samples were ground. In order to perform heavy metals determinations, the samples of sewage and pond water and sediments were air dried and then mineralized in the mixture of nitric and perchloric acids (4:1). For Hg, mineralization was conducted in a mixture of nitric and sulphuric acids (2:1). The total amount of concentrations of Zn, Cu, Ni, Cr, Pb, Cd, and Hg were determined in the mineral salts with the AAS method. The determination of Hg concentrations was conducted with the AAS method and the cold vapor technique (Whiteside and Miner 1984) . The determination was carried out on a Unicam 939 atomic absorption spectrometer (UK) equipped with an Optimus date station, background correction, suitable cathode lamp, and a cold vapor unit.
Statistic analysis
The results of the present study concerning heavy metal concentrations in wastewater treatment plant effluents and in pond water, were verified statistically with one-factor analysis of variance. Due to the fact that heavy metal concentrations varied considerably among the sampling data, which resulted from different levels of wastewater treatment efficiency, the analysis of variance was performed in a randomized complete block design. The conditions of this analysis were fulfilled. Differences between means were determined using Tukey's test. Homogeneous groups were formed at a significance level of ά=0.01.
RESULTS
The results of analysis of variance (F test) indicated that heavy metal concentrations were significantly (p<0.001) affected by sampling sites (wastewater treatment plant effluents, pond water). It follows that the mean values obtained for samples of wastewater treatment plant effluents and pond waters differed significantly.
The mean heavy metal concentrations were significantly (ά=0.01) lower in the pond water compared to wastewater treatment plant effluents, except for chromium concentration in pond 1 and the zinc concentration in ponds 1, 2 and 3 ( Table 1 ). The lowest heavy metal concentration was recorded in pond 4, but the mean levels of Cd, Cu, Cr, Ni, and Zn in this pond did not differ significantly (ά=0.01) from those observed in ponds 2 and 3. The mean concentrations of mercury and lead were comparable (ά=0.01) in all ponds (Table 1 ). It was found that water in pond 4 contained significantly (ά=0.01) less copper, chromium, nickel, and zinc than did the water in pond 1, and significantly (ά=0.01) less cadmium than water in ponds 1 and 3.
Summing up, it can be stated that in the pond system, an subsequent decrease of heavy metals concentration in the post-treatment sewage supplying the ponds was noted. The highest concentrations of metals were found in the outflows from the sewage treatment plant, while the lower concentrations were in the water of pond 1 (except for Zn), which was the immediate recipient of sewage outflow from the treatment plant. The lowest concentrations were observed in pond 4 water. The decrease of heavy metals in outflows from the sewage treatment plant flowing through the ponds was on average: Hg -58%; Cd -68%; Cu -62%; Pb -56%; Cr -62% and Zn -54%. The concentration of heavy metals in the sediments also decreased in the pond system ( Table 2 ). The highest quantities of metals were determined in the sediments of pond 1, the immediate recipient of outflow from the sewage treatment plant, while the lowest levels were noted in the sediments of pond 4, which was the last pond in the system. The decrease of concentrations of the metals examined in the pond sediments took place together with the decrease of organic matter content ( Table 2 ). The content of organic matter in the sediments of pond 4 decreased by 70.3% in comparison with the pond 1, whereas the lowering of heavy metals was: Hg -85%; Cd -82%; Cu -82%; Pb -79%; Cr -65%; Ni -66%, and Zn -91%, respectively. *outflows from the sewage treatment plant; **sample number n = 7; X -mean value; sd -standard deviation; capital letters -significance level α ≤ 0.01
DISCUSSION
The investigation of heavy metals in the ponds supplied with outflow from mechanical-biological sewage treatment plant indicates that it is possible to lower concentrations in the pond system. The current results agreed with the observations of Tuomi et al. (2000) . These authors showed even better effectiveness in the removal of zinc, copper, and lead from crude sewage by treatment in stabilized ponds and highly efficient algae ponds. This was due to the higher concentration of Zn, Cu, and Pb in the crude sewage than in the biologically-treated sewage from the sewage treatment plant in Olsztynek.
The contents of copper, zinc, and lead in the outflow from the sewage treatment plant corresponded to concentrations of these metals in the outflows from the system of ponds examined by Tuomi et al. (2000) . However, they were low in the pond waters in Olsztynek. The content of heavy metals in the pond waters was higher or similar (especially in the waters of ponds 3 and 4) to the one determined in the surface water of a mid-field pond (Karlik and Szpakowska 2001) and in waters of Lake Jarosławickie (Zioła et al. 2005) . However, the content of copper and lead determined in the sediments of pond 1, which was the highest of the four ponds examined, was three times lower than in the stabilizing ponds started by Tuomi et al. (2000) . It is thought that the cause of the high cumulation of heavy metals in pond sediments observed by Tuomi et al. (2000) was due to the higher levels of them in the crude sewage than in the biologically-treated sewage supplying the ponds in Olsztynek.
The content of organic matter decreased with lowered concentrations of heavy metals in the sediments of the consecutive ponds. This relation is proved by the significantly high dependence between total mercury concentration and Table 2 Organic matter (% dry mass), pH, and heavy metal content (mg kg -1 dry mass) in sediments of ponds supplied with outflow from the sewage treatment plant. (Boszke and Falandysz 1999) . Heavy metal concentrations in the pond sediments at the sewage treatment plant in Olsztynek was comparable with the levels of these metals in the sediments of fish ponds of south and west Bohemia in the Czech Republic (except for the high concentrations of mercury in the sediments of ponds 1 and 2) (Svobodova et al. 2002) . Except for zinc in the sediments of ponds 1 and 2, they were also similar or lower than their concentrations in the sediments of small water tanks (Skwierawski 2006) , the bottom sediments of Lake Jarosławskie (Zioła et al. 2005) , and were comparable with the median values of heavy metals in the bottom sediments of Polish lakes (sediments of ponds 3 and 4) (Bojakowska and Gliwicz 2003) .
CONCLUSIONS
Based on the investigation, the following conclusions were drawn:
• the concentrations of heavy metals decreased in sewage treatment plant outflow that was subjected to further treatment in a system of ponds; • the cumulation of heavy metals was observed in the sediments of the ponds supplied with sewage treatment plant outflow;
• the investigated system of ponds permits protecting water from pollution and can be applied as an additional treatment to outflow, especially that from small sewage treatment plants.
